We report Kerr-lens mode-locked polycrystalline Cr 2 : ZnS lasers at 2.4 μm central wavelength optimized for short pulse duration. By control of the second-and third-order dispersion within 500 nm bandwidth we obtained pulses of three optical cycles (<29 fs) at 100 MHz repetition rate with 0.44 W average power. The emission spectrum is 240 nm broad at −3 dB level and spans 950 nm at −30 dB level. Transform-limited 38 fs pulses were obtained at 300 MHz repetition rate with 700 mW average power. To the best of our knowledge these are the shortest reported to-date pulses from Cr 2 :ZnS and Cr 2 :ZnSe lasers. Laser sources operating over the 2-10 μm mid-IR spectral range are in great demand for a variety of applications ranging from spectroscopy, sensing, and quantum optics to medicine and industrial process control. Recent progress in optically pumped lasers based on Cr-and Fe-doped II-VI wideband semiconductors has resulted in tens of Watts of output power in the 1.9-5 μm spectral range [1, 2] .
Laser sources operating over the 2-10 μm mid-IR spectral range are in great demand for a variety of applications ranging from spectroscopy, sensing, and quantum optics to medicine and industrial process control. Recent progress in optically pumped lasers based on Cr-and Fe-doped II-VI wideband semiconductors has resulted in tens of Watts of output power in the 1.9-5 μm spectral range [1, 2] . Cr 2 -doped ZnS and ZnSe enable room-temperature mid-IR lasers with power in excess of 50 W and a tuning range of 1.9-3.3 μm [1, 3, 4] . These materials are often referred to as the "Ti:sapphire of the mid-IR" due to their four-level energy structure, absence of excited-state absorption, broad vibronic emission bands, and close to 100% quantum efficiency of fluorescence at room temperature. Cr 2 :ZnS∕ZnSe feature high emission cross sections (about 10 −18 cm 2 ) and high nonlinearity. Conveniently, Cr 2 :ZnS∕ZnSe lasers can be pumped by efficient and reliable erbium (Er) and thulium (Tm) fiber lasers.
Cr 2 :ZnS and Cr 2 :ZnSe have very similar spectroscopic and laser parameters. Both materials are available in single crystal and in polycrystalline forms. Single crystals of high optical quality and sufficiently high dopant concentrations are difficult to grow. However, post-growth thermal diffusion technology has enabled mass production of relatively large size polycrystalline Cr 2 :ZnS∕ZnSe laser gain elements with high dopant concentration, uniform dopant distribution, and low losses. As a result, polycrystalline materials have gradually replaced single crystals in most lasers [1] .
Mode-locked mid-IR lasers represent an appealing alternative to complex and inefficient ultrafast sources based on downconversion of near-IR lasers in optical parametric oscillators (OPOs) and difference-frequency generation setups. This has motivated rapid progress in ultrafast Cr 2 :ZnS∕ZnSe lasers, as reviewed in [5] .
First femtosecond (fs) Cr 2 :ZnS∕ZnSe lasers were introduced in 2005 and relied on SESAM mode-lockers [6] . Current SESAM mode-locked oscillators produce 100 fs pulses with subnanojoule pulse energy at about 100 mW average power (see Table 1 in [5] ). Kerr-lens mode-locked (KLM) laser regime was achieved in 2009 using a single-crystal Cr 2 :ZnSe sample [7] . Further optimization of single-crystal KLM oscillators has resulted in <70 fs pulses, with 5.6 nJ pulse energy, and 1 W of average power [8, 9] . There have been a number of recent reports on femtosecond Cr 2 :ZnS∕ZnSe lasers passively mode-locked by graphene [10] . Subwatt average power (see Table 1 in [5] ), repetition rate as high as 1 GHz [11] , and pulse duration as short as 41 fs [12] were obtained in graphene mode-locked oscillators.
Kerr-lens mode locking in polycrystalline Cr 2 :ZnS∕ZnSe was demonstrated in 2014 [13] and has led to significant improvements in the output parameters of ultrafast mid-IR lasers in terms of both average power and pulse energy. Up to 2 W and 24 nJ respectively were obtained at <60 fs pulse duration [1, 14, 15] .
Polycrystalline Cr 2 :ZnS∕ZnSe gain media consist of a multitude of microscopic single-crystal grains. The broad distribution of grain sizes and orientations results in so-called random quasi-phase-matching (RQPM) [16, 17] . RQPM materials feature a linear dependence of the conversion yield with length of the material and ultra-wide bandwidth. RQPM in polycrystalline Cr 2 :ZnS has allowed for efficient (up to 0.25 W) and spectrally broad second harmonic generation (SHG) directly in the gain element of the fs laser [14] .
In this Letter, we report a KLM polycrystalline Cr 2 :ZnS laser optimized for short pulse duration. Accurate control of the overall chromatic dispersion in the resonator of a modelocked laser is an important prerequisite for generation of few-optical-cycle pulses. The de facto standard method for dispersion compensation in mode-locked Cr 2 :ZnS∕ZnSe lasers is the use of plane-parallel plates, made of materials with negative group delay dispersion (GDD) [5] . However, plate compensators introduce significant amounts of third-order dispersion (TOD) into the resonator. Properties of optical materials in the 2-3 μm range are such that the use of prism compensators does not bring much improvement in terms of TOD control [8] . Therefore, we avoided the use of prisms and plates for dispersion compensation and instead relied on dielectric mirrors with tailored GDD spectra.
The experimental setup is similar to the one described in [1] . The X-folded standing-wave resonator consists of two concave mirrors, plane end-mirrors, and plane folding mirrors, as shown in Fig. 1 . The resonator's legs are unequal with a 2∶5 ratio. The laser is optically pumped at 1567 nm by a linearly polarized Er-doped fiber laser (EDFL). The pump beam (∅3 mm) is focused in the gain element by a lens (L) and coupled in the resonator through a curved mirror with high reflectivity in the 2200-2700 nm range and high transmission at the pump wavelength. The output coupler (OC) has ∼90% reflectivity in the mid-IR range. A dichroic mirror (DM) with high reflectivity in the mid-IR range and high transmission in 1100-1350 nm range is used as an output coupler for SHG.
An AR-coated polycrystalline Cr 2 :ZnS gain element is mounted in the resonator at normal incidence between two curved mirrors. The gain element is 5 mm long with 11% low-signal transmission at pump wavelength and is cooled with room-temperature water. The angle of incidence at the curved mirrors is minimized to 3.5°-4°to reduce the astigmatism of the resonator. In our opinion, the normal incidence mounting of the gain element has a number of advantages: (i) better management of the thermal optical effects due to circularity of the pump and laser beams; (ii) significant increase of pump and laser intensity inside the gain element (if compared with the standard Brewster mounting). Our experiments show that some astigmatism of the resonator associated with this scheme is not an impediment for the KLM laser regime.
Dispersion of the resonator was controlled within the 2200-2700 nm range. Dispersion spectra of the gain element and of the high reflectors (HRs) are illustrated in Fig. 2 . Dispersion of the gain element was calculated using the standard Sellmeier equation for undoped ZnS; the theoretical GDD spectra for the mirrors were provided by the coaters. TOD introduced after two passages through the gain element (3100 fs 3 ) was compensated by a single reflection from the mirror HR* (−3000 fs 3 ). Net GDD of the resonator was adjusted in discrete steps by changing a type and number of installed mirrors HR 1 and HR 2 with negative GDD and low TOD. The OC, the DM, and the AR coatings of the gain element have low GDD.
The experiments were carried out at two distinctly different repetition rates of 100 and 300 MHz (resonator's length of 1.5 and 0.5 m, respectively). At 100 MHz repetition rate [ Fig. 1(a) ] we used the curved mirrors with 100 mm radii. At 300 MHz repetition rate [ Fig. 1(b) ] the mirrors with 50 mm radii were installed, and the dichroic DM was replaced by curved dispersive mirror HR 1 with ∼50% transmission at SHG wavelength.
The lasers were optimized for maximum cw output power. The distance between the curved mirrors was then fine-adjusted in order to enable the KLM regime (initiated by OC translation). The polarization of the laser emission was linear and vertical (normal to the plane of Fig. 1 ) in cw as well as in mode-locked regimes, while the polarization of the pump beam was horizontal.
Spectral and temporal parameters of the mode-locked lasers were characterized using a 0.15 m dual grating monochromator (Princeton Instruments) and an interferometric autocorrelator (A·P·E GmbH). The laser emission spectra in mid-IR, near-IR, and visible bands were acquired using a lock-in amplifier and PbSe, extended InGaAs, and Si detectors (Thorlabs PDA20H, PDA10D, and PDA8A, respectively). We relied on the autocorrelator's control software and used sech 2 fit of the autocorrelation functions for evaluations of the pulse duration. The experiments were carried out in a standard lab environment. Presented results correspond to long-term-stable single-pulse oscillations in the KLM regime.
The first experiment was set up at 300 MHz repetition rate, see [ Fig. 1(b) ]. Optimization of the laser for short pulse duration is illustrated in Fig. 3 : a f is repetition rate, P is average power, Δν and Δτ are spectral width and pulse duration (FWHM).
b Taking into account ∼50% transmission of the mirror HR (1) at SHG wavelength, see [ Fig. 1(b) ]. . Net GDD of the resonator was overcompensated to about −600 fs 2 . The KLM regime with 4.3 THz broad spectrum was obtained at 4.5 W pump power using pump focusing lens L with the focal length f 80 mm.
(ii) Introduction of TOD compensator HR* and an increase of the resonator's net GDD to about −400 fs 2 resulted in broadening of the emission spectrum to 5.3 THz.
(iii) Further increase of net GDD to about −250 fs 2 resulted in 7 THz broad spectrum.
(iv) Finally, we fine-tuned the pump power (was increased to 5.1 W) and the pump focusing (focal length of the lens L was decreased to f 40 mm, pump waist ∅30 μm).
As result of the optimizations, we obtained 165 nm (8.52 THz) broad spectrum (full width at half-maximum, FWHM). The spectrum was centered at 2410 nm. The average power of this mode-locked laser was 0.7 W.
Autocorrelations of the optimized KLM laser at 300 MHz repetition rate are shown in Fig. 4 . First autocorrelation was measured directly behind the OC [ Fig. 4(a) ]. The pulse duration of 60 fs, which was derived from the autocorrelation, does not match with broad and smooth spectrum of the pulses (iv in Fig. 3) . Apparently, the pulse is broadened during propagation through a 3.2 mm thick ZnSe substrate of the OC (GDD 710 fs 2 at 2400 nm). We used 5 mm thick YAG plate (GDD −740 fs 2 ) in combination with the HR* mirror to compensate for the OC substrate's dispersion, as shown in [ Fig. 1(c) ]. The obtained autocorrelation [ Fig. 4(b) ] reveals transform-limited 38 fs pulses with 0.32 time-bandwidth product.
In the next experiment, the resonator was reconfigured for 100 MHz repetition rate [ Fig. 1(a) ]. We performed several rounds of optimization of the resonator's dispersion and of the pumping conditions, as described above. The parameters of the optimized KLM laser at 100 MHz repetition rate are summarized in Fig. 5 . The broadest spectrum of pulses [shown in Fig. 5(c) ] was obtained at 4.6 W pump power using the lens L with f 60 mm (pump waist ∅40 μm). The average power of the mode-locked laser in the mid-IR band was 0.44 W. FWHM of the central peak (located at 2415 nm) can be conservatively estimated as 240 nm (12.3 THz) . The spectral span is as broad as 950 nm (1900-2850 nm) at −30 dB level, which significantly exceeds the bandwidth of the resonator's mirrors (500 nm). The spectrum is distorted due to leakage through the mirrors (on the left) and water vapor absorption (on the right).
The autocorrelations of mid-IR pulses, obtained without and with compensation for the OC substrate's dispersion are shown in Figs. 6(a) and 6(b), respectively. Asymmetry of the traces is due to the unbalance of the autocorrelator's beam splitter assembly: two replicas of the input pulse acquire different chirps and temporal broadenings during propagation through the beam splitter. The autocorrelator's unbalance becomes more evident with the reduction of the pulse duration; for instance, the autocorrelations of the transform-limited 38 fs pulses in Fig. 4 are almost symmetric while the autocorrelations in Fig. 6 are asymmetric, which suggests considerably shorter pulse. The width of the cross correlation of the two unequal replicas is defined by the longer one. Therefore, the 29 fs pulse duration obtained by sech 2 fit of the trace in [ Fig. 6(b) ] can be considered as an upper limit [18] . Most likely the actual pulse is shorter, e.g., one can estimate 26 fs pulse duration taking into account only the central peak of the spectrum (12.3 THz broad) and assuming 0.32 time-bandwidth product.
The resonators optimized at 100 and 300 MHz repetition rates have the same set of dispersive mirrors and hence approximately the same net GDD. However, the spectra of the pulses at the two repetition rates are distinctly different. We attribute the spectral broadening at 100 MHz to strong self-phase modulation in Cr 2 :ZnS. Indeed, one can estimate >1.3 MW peak power inside the resonator, which is 3 times higher than the critical power for self-focusing in ZnS (∼420 kW) [19] . On the other hand, peak power inside the resonator of the laser at 300 MHz is about 530 kW, which approximately equals the critical power. Fig. 3 . Measured spectra of pulses at 300 MHz repetition rate (see main text). Δν is full width at half-maximum of the spectra. The inset shows the beam profile of the mode-locked laser in final configuration iv. RQPM in the polycrystalline Cr 2 :ZnS gain element of the mode-locked laser results in a number of three-wave mixing effects. Figure 7 shows the laser emission spectra in different spectral bands. Apart from strong SHG emission (spectra ii), we detect signals at third and fourth optical harmonics (spectra iii and iv) as well as signals that correspond to the sum frequency generation (SFG) between fs mid-IR pulses and cw pump radiation at 1567 nm (spectra v). A photo of the polycrystalline gain element of the mode-locked laser is shown in [Fig. 7(c) ]. The fourth-harmonic emission at about 600 nm is clearly visible to the naked eye. That allows us to visually detect the modelocked regime of the laser without instrumental aid and make educated guesses about the central wavelength of the laser.
Output parameters of the optimized KLM are summarized in Table 1 . The SHG signal was measured in one direction (shown by arrows in Fig. 1 ) and was separated from residual pump radiation by a dichroic mirror. A similar SHG signal can be expected in the opposite direction. SHG emission spectra are twice as broad as laser emission at fundamental mid-IR wavelength. Therefore, proper de-chirping of SHG output may potentially lead to rather short 15-20 fs pulses in the near-IR wavelength range.
In conclusion, we demonstrate a flexible KLM laser design that provides for few optical cycle mid-IR pulses with subwatt average power in a broad range of repetition rates. Pulses of three optical cycles and 950 nm spectral span (3/5 of an octave) were obtained by dispersion control within 500 nm bandwidth (1/3 of an octave). This result leads us to expect that further improvements of the optical coatings will result in octave-spanning polycrystalline Cr 2 :ZnS∕ZnSe lasers. A significant fraction of mid-IR laser emission is converted to the second harmonic directly in the polycrystalline gain element of a mode-locked laser. The observed laser power at SHG wavelength (50-160 mW) is already high enough for some real-world applications.
We also detect third and fourth optical harmonics as well as SFG signal. There is little doubt that the effects of terahertz generation (via optical rectification of femtosecond laser pulses) and difference-frequency mixing (between fs pulses and pump-laser emission) can be revealed by proper detection. Synchronous pumping of polycrystalline Cr 2 :ZnS∕ZnSe by available 1.5 μm picosecond and femtosecond fiber laser radiations may radically increase the yield of sum-and differencefrequency mixing by several orders of magnitude. Availability of high-power KLM lasers in the 2-3 μm spectral range opens several avenues for extension of ultrafast laser oscillations to 3-10 μm range. A mode-locked Cr 2 :ZnS laser is a convenient pump source for synchronously pumped synchronously pumped optical parametric oscillators (OPOs) [20] . The megawatt-level optical power inside the resonator of a mode-locked laser allows us to consider a synchronously pumped OPO based on RQPM in polycrystalline Cr 2 :ZnS∕ZnSe, which may lead to ultrafast oscillators with exceptionally broad spectral coverage spanning from 2 to 6 μm. Fig. 7 . Emission spectra of optimized KLM lasers presented in logarithmic scale at (a) 300 MHz and (b) 100 MHz repetition rates: (i) fundamental mid-IR band, (ii) SHG band, (iii) third optical harmonic, (iv) fourth optical harmonic, (v) sum frequency generation between fs mid IR pulses and cw pump radiation, (vi) residual pump at 1567 nm. The mid-IR spectrum is acquired by a PbSe detector and normalized to unity. The SHG spectrum is acquired by an extended InGaAs detector and normalized to optical power. Spectra iii, iv, and v are acquired by the Si detector. The insert (c) shows the gain element of a mode-locked mid-IR laser. The visible emission is generated in RQPM polycrystalline Cr 2 :ZnS as the fourth harmonic of mid-IR femtosecond pulses.
